When the explosion of condensed materials occurs in square or circular cross-section tunnel, the subsequent blast wave reveals two patterns: threedimensional close to the explosive charge and one-dimensional far from the explosion. Pressure decays for these two patterns have been thoroughly studied. However, when the explosion occurs in rectangular cross-section tunnel, which is the most regular geometry for underground networks, the blast wave exhibits a third, two-dimensional, patterns. In order to assess the range of these three patterns, several numerical simulation of blast waves were carried out varying the width and the height of the rectangular cross-section as well as the mass of the charge. Laws are presented to localize the transition zones between the 3D and the 2D patterns, and between the 2D and the 1D patterns, as functions of non-dimensional width and height. The numerical results of the overpressure are compared to existing 3D and 1D
zones, an algorithm is presented to efficiently predict an overpressure map. 
Introduction
Blast wave is a topical research subject as shown by the several recent works [10, 12, 11] , and in particular confined blast wave [18, 5] . One of the application of the confined domain is the underground network. Underground networks such as subway station have rectangular cross-section. Typically, the height is smaller than the width. Therefore, blast waves occurring in such a domain exhibit three patterns: (a) a free-field pattern, known to yield fast overpressure decay, while the blast wave does not reach any obstacle; (b) a two-dimensional (2D) pattern after the first reflection (vertical: in the direction of the height) and (c) a one-dimensional (1D) pattern after the second reflection (transversal: in the direction of the width). 2D and 1D patterns obviously induced lower overpressure decays involving more dramatical damages not only for the structures but also for the peoples. The knowledge of the global behavior of blast waves in such a confined domain is thus decisive for safety reasons.
The first pattern cited above, ie. the free-field pattern, is indubitably the most studied. From these studies, scaling laws were derived, as the laws from Baker, Cox, Westine, Kulesz and Strehlow [1] , [15] , [4] or [9] relating the maximum overpressure peak to the distance from the explosive charge.
In fact, [9] proposed one of the most common free-field decay law, which is expressed as:
The third propagation pattern is the case of a confined explosion, which considers that the blast wave propagates inside a confined space that is strong enough to withstand the explosive charge impulse (e.g., a tunnel). Among the few reported experiments investigating air detonation in underground environments, some gave overpressure decays laws during this third pattern. [6] proposed the following pressure-distance law for various explosives weights:
[17] determined the following overpressure-distance decay relationship:
Applying the energy concentration concept (ECF), which is detailed in section 2.3, [16] the very similar law: 
Configurations, numerical details and ECF method

Calculation domains and non-dimensional numbers
The calculation domains are presented in figure It can be anticipated that the first reflection modifying the 3D shape of the blast wave in a 2D shape depends on the height of the domain H. Therefore a first parameter α H , inspired by the work of [3] is considered:
In the same way, the difference between the second and the first reflection modifying the 2D shape of the bast wave in a 1D shape depends on difference between the width, W , and the height of the domain. Thus, a second parameter is:
The parameter α W based on the width of the domain will also be used 8 for convenience.
The numerical results are highlighted by the pressure coefficient defined as:
Numerical details
1D calculation was performed as long as the incident blast wave did not encounter any obstacle. This strategy obviously yield a faster and more accurate computations. During this 1D calculation, the TNT gases, composed of hot detonation products, obey the Jones-Wilkins-Lee law, which is expressed by [14] :
where the parameters A, B, R 1 , R 2 , ω and ρ c depend on the explosive material. Table ( 1) provides these parameters. Details of the 1D solver, as well as the 1D-3D transfer method are available in [2] . The same 1D calculation was used for all configurations.
The initial condition for the 3D calculation, thus the result of the 1D calculation, was located in the center of the cross-section, see figure 1 , using a symmetry condition in the longitudinal axis. minmod scheme is used [13] . The spatial discretization is performed with an automatic Cartesian grid generator [7] . In addition, the Courant-FriedrichsLewy (CFL) condition has to be satisfied in order to guarantee the stability of the time integration technique. The successive gauges, also centered into the cross-section, were located 0.2 m from each other knowing that the first one was 1 m from the explosive charge.
The initial computational domains are split into 0.5 m cube elements and a dynamic adaptive mesh method was applied to finely catch the incident
wave: the refinement criterion was based on the density value. A fine mesh was kept after the incident wave passage to guarantee an accurate prediction of the complex waves pattern following the incident wave. The averaged number of elements was ranged from 4 × 10 6 for the smallest domain to 10 7
for the largest one. The smallest refined elements were 1.5 × 10 −2 m ensuring a mesh wave number λ of 67, 106, 128 and 144 for the TNT charges of 1.000, 4.000, 7.000 and 10.000 kg, respectively. The mesh wave number has to satisfy in the ideal case λ > 100 [2].
The concept of Energy Concentration Factor
The concept of energy concentration factor introduced by Silvestrini et al.
[16] is adapted in the present paper. The idea is to scale the abscissa of freefield decay law, for instance Henrych's law (1), by geometrical consideration.
As shown in figure 2 , for the same volume the cylinder shape blast wave (2D) has a radius R ′ defined as R ′ = 4R 3 /3W where R is the radius of the equivalent spherical shape blast wave (3D). Then, the new scale distance is:
3W .
It has to be noted that the ECF method was essentially developed and validated for 3D to 1D transition. Therefore, one objective of the present paper is to see whether the ECF method is available for 3D to 2D transition.
Results and discussion
3.1. Effects of the width, α H = 3.55, M c = 1.000 kg Figure 3 shows the distribution of the overpressure peak of the incident wave for α H = 3.55 (typically H = 3 m and M c =1.000 kg). The square However, the 2D pattern of the configuration α H = 5.33 seems to go towards the 2D pattern of the configuration α H = 3.55 before Z = 7 m/kg 1/3 . In the same way, the 2D pattern of the configuration α H = 3.55 seems to go towards the 2D pattern of the configuration α H = 2.66. These two observations yield the conclusion that the overpressure peak does not depend on the height. The 1D law developed from ECF method well predicts the 1D pattern of α H = 11. 15 . However, figure 5 shows the disability of the ECF method to predict the overpressure peak during the 2D behavior of the wave when the first reflection is occurring quickly, e.g. for a low value of Z. The results of the previous sections have shown the ECF method is particularly accurate for the 1D pattern of blast waves. It has been also shown that this method is not suitable for the 2D pattern especially for high value of α H . However, it has been proved that the 2D pattern of the incident blast wave is the same for every configurations. Therefore, a polynomial interpolation, as the one of equation (1) can be proposed. Finally, knowing the transition locations, Z H and Z W , the complete incident wave pattern can be 16 deduced. Figure 6 shows the distributions of the discontinuity locations Z H and Z W −H = Z W − Z H versus α H and α W −H , respectively. It is shown both discontinuity locations depend linearly on the parameter α. Using the leastsquare algorithm, best correlations are gave by:
Effects of the charge of the mass
and
The first fit has a correlation coefficient of 0.999, while the second one has a correlation factor of 0.971. Actually, it even sounds possible to use a common power fit for both discontinuity locations. Finally, it has to be said that these laws are close to the law giving the transitional zone 3D-1D (5) found in [3] for square sections.
Interpolating the clearest points of 2D patterns superimposition gives the 2D law:
Finally the algorithm of calculation of the overpressure peak can, then, be written as: 
. for Z ′ , the pressure is given by (1).
Validation of the algorithm
Validation is done by comparison with experimental data from a series Based on the maximum pressure effect [8, 19] , the TNT equivalence factor was found to be 1.18 . In the experimental setup, 5 sensors located every 2 m from the charge were considered. 
Conclusion
Numerical computations are carried out to predict the locations of the 3D-2D transition and the 2D-1D transition of a blast wave in a rectangular cross-sectional tunnel. In order to avoid any lack of generality, different width and height domains as well as different charge of mass were investigated. The numerical results were compared to free-field law and to the ECF method for the 2D and the 1D patterns.
The main results of this work are:
• the 3D-2D transition is only a function of α H
• as soon as the wave became 2D, the transition to the 1D pattern is only a function of α W −H
• the ECF method is suitable to predict the overpressure of the 2D pat- 
